Stabilization of collapse and revival dynamics by a non-Markovian phonon bath 
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Semiconductor quantum dots (QDs) have been demon- 
strated to be versatile candidates to study the fundamen- 
tals of light-matter interaction [1-3]. In contrast with 
atom optics, dissipative processes are induced by the in- 
herent coupUng to the environment and are typically per- 
ceived as a major obstacle towards stable performances in 
experiments and appUcations [4]. 

In this paper we show that this is not necessarily the 
case. In fact, the memory of the environment can en- 
hance coherent quantum optical effects. In particular, we 
demonstrate that the non-Markovian coupling to an in- 
coherent phonon bath has a stabilizing effect on the co- 
herent QD cavity-quantum electrodynamics (cQED) by 
inhibiting irregular oscillations and boosting regular col- 
lapse and revival patterns. For low photon numbers we 
predict QD dynamics that deviate dramatically from the 
well-known atomic Jaynes-Cummings model. Our pro- 
posal opens the way to a systematic and deliberate de- 
sign of photon quantum effects via specifically engineered 
solid-state environments. 

Semiconductor QDs, coupled to a photonic cavity, exhibit 
signatures of strong coupling [5] when the electron-photon 
(el-pt) interaction outrivals the combined dipole decay rate 
and cavity loss. In contrast to fundamental atom-photon in- 
terfaces [6], a key factor to the understanding of observed 
phenomena in the semiconductor cQED regime is the inter- 
action of electrons with the QD host material. The inher- 
ent many-body properties of a solid-state, in particular the 
electron-phonon (el-pn) interaction, lead to often undesired 
decoherence, where the superposition of otherwise distinct 
quantum states becomes lost and information about the system 
is carried away into the surrounding of the embedded QD [7]. 
In principle, this seems to put limits on the prospects of the 
wide field of quantum information processing and commu- 
nication [8]. However, it has been shown that in photosyn- 
thetic systems, for example, the quantum-coherent excitation 
transfer in Fenna-Matthews-Olsen (FMO) antenna complexes 
is not only resistant to dephasing [9], but is actually supported 
by thermal fluctuations of the molecule [10, 11]. This sparked 
a lively debate over its implications for evolutionary biology, 
energy technologies and quantum information [12]. 

It is also known that lattice vibrations in semiconduc- 
tor nano structures can give rise to new effects not known 
in atomic quantum optics, nor in Markovian treatments of 
the semiconductor environment, e.g. phonon-mediated off- 
resonant cavity feeding [13, 14], formation of phonon-assisted 
Mollow triplets [15] and temperature-dependent vacuum Rabi 
splittings in cavity emission spectra [16]. Very recently im- 
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FIG. 1 : I Investigated system. A two-level QD with states v and c 
in a photonic cavity is coupled to (i) a single cavity mode (blue) via M 
and (ii) a phonon bath (orange) via gq. 



pressive experiments were realized which could steer the tran- 
sition from Markovian to non-Markovian dynamics and thus 
the flow of information between an open system and its envi- 
ronment [17]. 

Expanding on these exciting developments we report on 
how non-Markovian coupling to an environment can be ex- 
ploited to boost quantum optical features: The memory ef- 
fects of an incoherent bath of harmonic oscillators induce as- 
tonishing pattern formations in the coherent collapse and re- 
vival (CnR) phenomenon of the QD electron density dynam- 
ics in a nanocavity. The CnR phenomenon results from the 
interference of different Rabi frequencies (Jaynes-Cummings 
ladder contributions). The presented effect further challenges 
the widely adopted notion that the environmental coupling, 
responsible for decoherence, constitutes a substantial draw- 
back that needs to be overcome. The very same coupling does 
not destroy, but rather facilitates and stabilizes the otherwise 
fragile quantum effect of CnR, in particular at the few -photon 
level, and hence lifts the restriction of the high photon num- 
bers needed in atomic systems to initiate stable CnRs. 

To provide a basis for discussion of solid-state effects on 
an equal footing, we start by introducing an approach to a 
two-level system interacting with (i) photons and (ii) phonons, 
which encompasses the well-known Jaynes-Cummings model 
(JCM) and non-Markovian pure dephasing effects, respec- 
tively. 

We consider an InAs/GaAs self-assembled QD with well 
separated quantum confined electronic states, i.e valence (v) 
and conduction (c) shell. This effective two-level system is 
embedded in a single-mode photonic cavity and can interact 
with both, the quantized lattice vibrations of the QD host ma- 
trix and the cavity photons, see Fig. 1. Particularly, we will fo- 
cus on the interaction of electrons with longitudinal-acoustic 
(LA) phonons via deformation potential coupling, dominating 



at low temperatures [18, 19]. The investigation will explore 
the temporal dynamics of the ground and excited QD states, 
since they are directly experimentally accessible in measure- 
ments of the photocurrent of a single-QD photodiode [20] or 
extractable from the photon density of a cavity with output 
coupling [21]. 

The dynamics of the relevant expectation values is derived 
via the Ehrenfest theorem 
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The Hamiltonian of our model includes the free energy of non- 
interacting electrons, cavity photons and bulk phonons: 

v.c 

HQ=Y_,fiO}ia]a-+tiO}Qc''c +Y^hO}J)\^^^, (2) 

i q 

with electron creation (annihilation) operators a- [a]) in shell 
/ =v,c. Usually, the respective quantized energies h(Oi = e, are 
obtained within the effective mass approximation. The fre- 
quency of the fundamental cavity mode is ©o and c (c^) cre- 
ate (annihilate) a corresponding photon. Phonons with wave 
vector q are described by operators b^^ and ^q. Their modes 
have a linear dispersion ©q = Cj • |q|, where Cs is the speed 
of sound. The el-pt interaction is treated within dipole and 
rotating wave approximation [22] : 
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with an optical coupling strength of M = 100 /ieV. Finally, 
the band diagonal interaction of bulk phonons with the con- 
duction shell QD electrons is given by 



^el-pn = E§qflcflc(^q +^q) 



(4) 



Note, that the phonon bath is initially in equilibrium with the 
unexcited QD system. The coupling elements gq= g^— gl 
are given in the Methods section. In the same section, details 
are given on how to derive a general set of coupled differ- 
ential equations, which allows on to determine the electron 
dynamics (ajflc)- The relevant dynamical quantities needed 
are the photon-assisted ground and excited state density G'" — 
{dldyC^'"c"^) X™ = {dldf.c^'"c"'), as well as the polarization 
P'" = {dldf-c^'"^^ c'") . The number of involved photons is la- 
beled by m. 

We focus on a situation that starts with an inverted QD, 
i.e. G'"{to) ~ and X'^{to) — 1, and a coherent photon state 
with a mean photon number A^ = 3.5 [23]. Further details 
on parameters and initial conditions are found in the Methods 
section as well. 

Before investigating the coupled electron, photon, and 
phonon dynamics, we benchmark our model and derive the 
exact solution of the coherent-state JCM [24] by neglecting 
the el-pn interaction. For a cavity and QD on resonance Fig. 2 
(a) displays the corresponding Rabi oscillations in the occupa- 
tion of the excited QD state X** showing their typical collapse 
at 2ps and subsequent revival within the first 5ps. However, 
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FIG. 2: I QD occupation for a mean photon number oi N = 3.5. 

(a) Reproduced JCM solution without phonons shows only a single 
collapse with an incomplete revival, (b) Including phonons with a lattice 
temperature of 4 K (blue) and 50 K (orange) many-cycle CnRs become 
possible. The shaded area indicates where oscillations are irregular. 



due to the low initial photon number of A^ = 3.5 in our model, 
the first CnR cycle is not completed and after 10 ps the sys- 
tem drifts into irregular fluctuations with a standard deviation 
of (7 — 0.026 around the mean value of 0.5, indicated by the 
shaded area. This behavior can be explained as follows: 

When the photon field is in a Fock number state with ex- 
actly m photons and on resonance with the fundamental QD 
transition, the electronic density oscillates between the ground 
and excited state Sm{t) ~ cos^(i2„,r) with the quantized Rabi 
frequencies (RFs) i2„, = M\/m + 1 . However, for an initially 
coherent field mode, expressed as a superposition of these 
number states, the typical Jaynes-Cummings solutions S,„{t) 
for the initially occupied excited state X^ are averaged over 
the probability distribution P(m): X^\t) ='^„jP{m)Sm{t). The 
Poissonian distribution P{m) — exp(— |ap)|ap'"/m!, which 
describes coherent photon states, exhibits a sharp peak at the 
mean photon number \a\^ = A^ (in our simulation A^ = 3.5) 
and forms a quantum wave packet having certain reoccurrence 
times. Consequently, CnRs occur, cf. Fig. 2 (a) [24]. This 
behavior relates directly to the quantized nature of the cav- 
ity field \ctC'\ 7^ 0: Typically, only discrete frequencies H,,, 
around the mean photon number A^ interfere, which are ini- 
tially (at fo) prepared in a definite state and therefore start 
a correlated dynamics. With increasing time the superim- 
posed discrete RFs exhibit an increasing phase shift and de- 
structive interference is inevitable. However, this collapse is 
followed by a revival of the excited state oscillation, when 
neighboring RFs differ by 2n: 2(i2,„+i — Q.„)T^ « 2n, with 
7r = 2%M^^^/N as the revival time [24]. The dynamics of 
this revival phenomenon strongly depends on the mean pho- 
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FIG. 3: I Electron-phonon coupling in QDs. (a) Phonon-induced 
decay of the QD coherence in absence of a cavity and hence without 
coupling to photons, (b) Absolute value of the corresponding el-pn 
memory kernel. Independent of temperature the kernel vanishes after 
4ps. 



ton number: For high photon numbers, the impact of sponta- 
neous emission processes is weak, i.e. the mixing of the su- 
perimposed RFs is negligible and the initially correlated state 
is recovered. As a result, many CnR events are visible (e.g. 
for A^ = 100, not shown). If the mean photon number is small, 
as in Fig. 2 (a), the initial correlated state is not recovered 
and the excited state dynamics becomes highly irregular in a 
quasi-irreversible manner [24]. 

Now, we turn to the specifics of the light-matter coupling 
in a solid-state environment. When including phonons, the 
conduction shell electron density shows a strongly modified 
time evolution, see Fig. 2 (b). Remarkably, the coupling to 
the phonon bath boosts coherent interference signatures: De- 
pending on the temperature, CnRs survive for much longer 
times, e.g. for 50 K up to 80 ps (not shown here) before fad- 
ing out. Finally, note that the fluctuation amplitude is greatly 
reduces by 50 % to a standard deviation of a — 0.013 for 4 K 
and even lower to C7 = 0.010 at 50 K. 

The counter-intuitive behavior of an incoherent bath of 
phonons supporting coherent features and suppressing seem- 
ingly random oscillations can be understood by investigating 
in detail the coherent polarization P'" of the coupled el-pt-pn 
system, which drives the dynamics of X'" and vice versa. 

As an instructive example, consider a simpler case of a QD 
that interacts solely with its host material and not with the 
quantum light field, first. Here, the band-diagonal coupling 
to the phonon bath will lead to so-called pure dephasing, i.e. 
a destruction of the phase coherence of the bare initial two- 
level systems polarization p = (ajac) without relaxation of the 
excited state occupation. Figure 3 shows how phonons induce 
an ultra-fast temperature-dependent decay of the polarization 
on a ps time scale. In contrast to a pure exponential decay, as 
obtained by introducing a simple r2-time, the initial dephasing 
in Fig. 3 (a) reveals the non-Markovian nature of the system- 
bath coupling [25] by a quadratic decay at f = and a clearly 
non-exponential behavior. Indeed, the memory kernel of the 
electron-phonon (el-pn) interaction [26] persists for up to 4ps, 
independent of the bath temperature, see Fig. 3 (b). 

Turning back to our cavity-QED model, the same de- 
coherence happens to the photon-assisted coherences P"' — 
{dldcC^'"^^c''") via their coupling to the phononic system, see 
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FIG. 4: I Cohierent polarization dynamics. The top panel (a) shows 
chaotic behavior of the JCM solution (black) without phonons. For 
comparison the dynamics including /p^en = O.lps"' is shown as a yel- 
low thin line on top of the black (undamped) JCM curve, not leading to 
many-cycle CnRs. The bottom panel (b) shows the phonon-induced 
dephasing of P" (orange) and resulting pattern formation. 



equation (7) in the Methods part. These polarizations are 
the sources for the electronic CnRs. Exemplary, the tempo- 
ral dynamics for m — 0, i.e. {dydcc'), is shown in Fig. 4. 
When no phonons are considered (a) undamped and, at later 
times, chaotic oscillations (black line) occur after a first CnR 
event, continuously driving the photon-assisted electron den- 
sities X"\ In contrast. Fig. 4 (b) (orange line) shows how 
phonons affect the coherent dynamics by inducing a dephas- 
ing each time a revival emerges. However, due to the tempo- 
rally finite interaction memory kernel, see Fig. 3 (b), P™ can 
revive on a picosecond time scale. 

In essence, the phonon bath neutralizes the phase shift be- 
tween the neighboring RFs, which occurred during the el-pt 
dynamics, and effectively resets the RFs phase relation to re- 
cover the initial correlated state. Therefore, the initial CnR 
event is repeated and subsequent revivals can arise, only with 
a decreased amplitude, since the phonon bath introduces a loss 
channel in the system. 

We emphasize that this behavior is not seen when, instead 
of the full non-Markovian system-bath coupling, only a sim- 
ple phenomenological dephasing constant 7phen is used, which 
resembles the Markovian contribution. The effect of a decay 
with 7phen = O.lps^' is presented in Fig. 4 (a) by a thin yel- 
low line on top of the undamped JCM solution (black line). 
Clearly, the oscillation amplitude gets damped. However, un- 
like including phonons, compare the orange line in Fig. 4 (b), 
no patterns in the chaotic fluctuations emerge, since a constant 
damping rate cannot re-phase the increasing shift between the 
RFs. Hence, only the non-Markovian nature of the el-pn cou- 
pling allows for a boost of the CnR phenomena. 

Under what terms and conditions do we expect to observe 
this effect? Like for high mean photon numbers (A^ > 100), 
a very strong el-pt coupling will suppress the phonon-induced 



gain of coherence, since the electron-bath interaction becomes 
neghgible. QuaHtatively, the stabiHzation of CnRs depends 
on the ratio between the light-coupHng M and the q-sum of 



the effective el-pn coupHng G := v/Lq l^qP- If the effective 

el-pn coupUng G is larger than the RF Q.^ — M\/N + 1, re- 
vival times in the semiconductor are substantially elongated 
and longer observable, e.g. in GaAs G/Q.N < 50. We predict 
a considerably large effect in the few-photon limit. 

Since the effective coupling G depends on the material 
parameters, the temperature of the bulk, and geometry of 
the QD, semiconductor technology is capable of engineering 
CnRs with predefined, desired properties. Going even further, 
using the environment to prolong electronic coherences may 
give solid-state systems the critical technological edge to real- 
ize algorithms for coherent quantum information processing. 
Investigating quantum optics with QDs might even advance 
our understanding of energy transfer in more complex situa- 
tions, e.g. photosynthesis. 

To summarize, the influence of a bath of bulk LA phonons 
on the coherent dynamics of a QD two-level system in the 
cQED regime was explored. The well-known random oscilla- 
tions in the electronic occupation, typical in the atomic JCM 
for low photon numbers, where altered significantly. Instead, 
due to LA phonons inducing a non-Markovian dephasing and 
thus resetting the coherence time, regular collapse and revivals 
arise and last for up to lOOps depending on temperature. 

Methods 

Dynamics. The general set of coupled equations that determine the elec- 
tron dynamics are obtained via a method of induction [27], when using the 
complete Hamiltonian H = //o + ^cl-pt + ^cl-pn and equation (1): 



d,G"' =iM[P'"+' - (P'"+')* + mP'"-' -m{P"-')*], 

d,X"' = - iMP"'+' + iM(P"'+l)*, 

d,P" = - i(A - irphcn)^"" - ±M{mX"-' + 

-il«;^r(q)+sq^"'(q)- 



-o 



(5) 
(6) 

"+') (7) 



The (photon-assisted) ground state density G"' = {dla^c^"'if) is solely driven 
by the photon-assisted polarization P"' = lalacc""'^^ c'") via the el-pt cou- 
pling, as is the excited state density X'" = {dlacc""c"'). The polarization 
experiences a free rotation due to a possible detuning A = Og — fflo of the 
QD gap energy fflg = fflc — (By and cavity resonance. We can furthermore 
account for additional broadenings, observed in experiments, by introducing 
7phcn [28]. However, a cavity loss K is not included here, as it merely reduces 
the amplitude of all involved quantities equally, which has no relevance to our 
piinciple findings. 

Besides the spontaneous emission of photons {« niX"""' ), crucial for Rabi 
oscillations, equation (7) includes a coupling to phonon-assisted polariza- 
tions P^'(q) = {ala^c™+'c"'bl) and P'"{q) = {4a^c^"'^'c"'h^), too. The 
dynamics of P± is solved within a Born approximation, where electronic and 
phononic variables factorize. This yields a closed set in terms of the el-pn 
coupling 

a,P™(q) = i(A+ ffl,)Pi'(q) - i«,P'"(q), (8) 

a,p»'(q) = i(A- co,)p^'(q) - i("q + i)^"'(q), (9) 

where the mean phonon number iiq = {hqbq) occurs. For temperatures well 
below 1 00 K, as considered here, a second-order Born approximation is well 
validated to solve the occurring hierarchy problem in the el-pn coupling, as 
can be seen by comparison to exactly solvable models [19] and experiments. 
To explore the high-temperature regime, terms beyond second-order must be 
included or other approaches employed [18]. 



The phonons of the homogeneous semiconductor material are modeled as 
a reservoir of harmonic oscillators, which introduces a temperature depen- 
dence to the dynamics via the thermal Bose-Einstein distribution function 
«q(^) = (exp[/ifflq/{/:B7^}] + I) '■ The coupling to the bath will affect the 
coherent properties of the photon-assisted polarizations P'" over time and lead 
to a non-Markovian pure dephasing, which cannot be accounted for by intro- 
ducing the simple, constant dephasing time T2 = /pjjj^ alone. 

The complete set of equations equation (5-9) is, however, not closed in 
terms of the photon number (m). Therefore, depending on the coupling 
strength M, a sufficient high order in m is taken into account to reach con- 
vergence in the calculations. Thus the obtained solution is numerically exact 
and renders, in the absence of el-pn coupling, the JCM [29]. 

To have a fair comparison to the JCM, we accounted for the polaron shift 
in the QD resonance Apd = Y,q ISqh/'Uq by accordingly detuning the cavity, 
so that both, QD and cavity, are on resonance again. If Ap^i would not have 
been compensated, a higher RF and smaller amplitude would have resulted. 
We carefully checked our model for detuning effects: Including a strong phe- 
nomenological dephasing 7pi,en allows for a Fourier transformation. A spec- 
tral analysis of F^{a>) showed that the involved RFs in both, the phonon-free 
JCM and the phonon cases, are essentially in the same spectral range. 

Initial conditions. The initial state of the photon expectation values is 
derived in dependence of the (given photon statistics and) mean photon num- 
ber N. The cavity is prepared in a coherent photon state with a mean photon 
number N = 3.5 and thus (f+"'c'") = 
tially the QD is inverted, i.e. G'"(fo) 

density operator p considers the electron- p^' and photon system pP', and 
reservoirs p' (LA phonons and dissipative photon modes). Initially at time 
to, p factorizes p(?o) = P'^'('o) ®P'^^{k)) ®p'{t(i)- Consequently, the photon- 
assisted excited state factorizes X'"((o) = X^\tQ)N'" . No coherence is present 
P"'{to) = P±(to) = 0. The initial state of the phononic bath is determined by 
the temperature of the system. 

Numerical parameters. Phonon coupling element \gq\ = \gv — gc\. 



i:„A'"(e"n!)"'(n|c™f"'|n) =N"'. Ini- 
= 0.0 and X°{to) = 1.0. The complete 



where g^ 



q _ 



Used parameters: photon order m = 27, 



electron-photon coupling HM = 0.0015fs^ , sound velocity of GaAs Cj = 
51I0m/s, deformation potentials Dy = — 4.8eV,Dc = — 14.6eV, effective 
masses: m^ = 0.067, iriy = 0.45, confinement energies ha^ = 0.030eV, 
HWy = 0.024eV and mass density of GaAs p = 5370kg/m^. 

References 



* E-mail at: alexOitp.physik.tu-berlin.de 

[1] Shields, A. J. Semiconductor quantum light sources. Nature 
Photon. 1,215-223(2007). 

[2] de Vasconcellos, S. M., Gordon, S., Bichler, IVI., IVIeier, T. & 
Zrenner, A. Coherent control of a single exciton qubit by opto- 
electronic manipulation. Nature Photon. 4, 545-548 (2010). 

[3] Benson, O. Assembly of hybrid photonic architectures from 
nanophotonic constituents. Nature 480, 193-199 (201 1). 

[4] Ladd, T. D. et al. Quantum computers. Nature 464, 45-53 
(2010). 

[5] Reithmaier, J. P. et al. Strong coupling in a single quantum 
dot-semiconductor microcavity system. Nature 432, 197-200 
(2004). 

[6] Cirac, J. I. & Zoller, P. Quantum computations with cold 
trapped ions. Phys. Rev. Lett. 74, 4091 (1995). 

[7] Carmele, A. et al. Formation dynamics of an entangled pho- 
ton pair: A temperature-dependent analysis. Phys. Rev. B 81, 
195319(2010). 

[8] Zoller, P. et al. Quantum information processing and commu- 
nication. Eur Phys. J. D 36, 203-228 (2005). 

[9] Lee, H., Cheng, Y.-C. & Fleming, G. R. Coherence Dynamics 
in Photosynthesis: Protein Protection of Excitonic Coherence. 
Science 316, 1462-1465 (2007). 



[10] Mohseni, M., Rebentrost, P., Lloyd, S. & Aspuru-Guzik, A. 
Environment-assisted quantum walks in photosynthetic energy 
transfer. J. Chem. Phys. 129, 174106 (2008). 

[11] Plenio, M. B. & Huelga, S. F. Dephasing-assisted transport: 
quantum networks and biomolecules. New J. Phys. 10, 1 13019 
(2008). 

[12] Lloyd, S. A quantum of natural selection. Nature Phys. 5, 164- 
166 (2009). 

[13] Hughes, S. et al. Influence of electron-acoustic phonon scat- 
tering on off-resonant cavity feeding within a strongly coupled 
quantum-dot cavity system. Phys. Rev. B 83, 165313 (2011). 

[14] Hohenester, U. e? aZ. Phonon-assisted transitions from quantum 
dot excitons to cavity photons. Phys. Rev. S 80, 20131 1 (2009). 

[15] Kabuss, J., Carmele, A., Richter, M. & Knorr, A. Microscopic 
equation-of-motion approach to the multiphonon assisted quan- 
tum emission of a semiconductor quantum dot. Phys. Rev. B 84, 
125324(2011). 

[16] Milde, R, Knorr, A. & Hughes, S. Role of electron-phonon 
scattering on the vacuum rabi splitting of a single quantum dot 
and a photonic crystal nanocavity. Phys. Rev. B 78, 035330 
(2008). 

[17] Liu, B.-H. et al. Experimental control of the transition from 
markovian to non-markovian dynamics of open quantum sys- 
tems. Nature Phys. 7, 931-934 (2011). 

[18] Vagov, A., Croitoru, M. D., Glassl, M., Axt, V. M. & Kuhn, T. 
Real-time path integrals for quantum dots: Quantum dissipative 
dynamics with superohmic environment coupling. Phys. Rev. B 
83,094303(2011). 

[19] Forstner, J., Weber, C, Danckwerts, J. & Knorr, A. Phonon- 
assisted damping of rabi oscillations in semiconductor quantum 
dots. Phys. Rev Lett. 91, 127401 (2003). 

[20] Zrenner, A. et al. Coherent properties of a two-level system 
based on a quantum-dot photodiode. Nature 418, 612-614 
(2002). 

[21] Cao, H., Jiang, S., Machida, S., Takiguchi, Y. & Yamamoto, 
Y Collapse and revival of exciton-polariton oscillation in a 
semiconductor microcavity. Appl. Phys. Lett. 71, 1461 - 1463 
(1997). 

[22] Carmichael, H. Statistical Methods in Quantum Optics 1 - Mas- 



ter Equation and Fokker-Planck Equations (Springer, Berlin 
Heidelberg New York, 1999). 

[23] Rempe, G., Walther, H. & Klein, N. Observation of quantum 
collapse and revival in a one-atom maser. Phys. Rev. Lett. 58, 
353-356(1987). 

[24] Narozhny, N., Sanchez-Mondragon, J. & Eberly, J. Coherence 
versus incoherence: Collapse and revival in a simple quantum 
model. Phys. Rev A 23, 236-246 (1981). 

[25] Madsen, K. H. et al. Observation of non-markovian dynamics 
of a single quantum dot in a micropillar cavity. Phys. Rev. Lett. 
106,233601 (2011). 

[26] Vagov, A., Croitoru, M. D., Axt, V. M., Kuhn, T. & Peeters, 
F. M. Nonmonotonic field dependence of damping and reap- 
pearance of rabi oscillations in quantum dots. Phys. Rev. Lett. 
98, 227403 (2007). 

[27] Kabuss, J., Carmele, A., Richter, M., Chow, W. W. & Knorr, 
A. Inductive equation of motion approach for a semiconduc- 
tor QD-QED: Coherence induced control of photon-statistics. 
Phys. Status Solidi B 248, 872 (201 1). 

[28] Laucht, A. et al. Dephasing of exciton polaritons in photoex- 
cited ingaas quantum dots in gaas nanocavities. Phys. Rev. Lett. 
103, 087405 (2009). 

[29] Carmele, A., Richter, M., Chow, W. W. & Knorr, A. Antibunch- 
ing of thermal radiation by a room-temperature phonon bath: 
A numerically solvable model for a strongly interacting light- 
matter-reservoir system. Phys. Rev. Lett. 104, 156801 (2010). 

Acknowledgments 

We would like to thank Simon MuUer for discussions. This work was finan- 
cially supported by the Deutsche Forschungsgemeinschaft within the Sonder- 
forschungsbereich 787 "Nanophotonik". 

Author contributions 

A.C. worked on the inductive method and carried out the simulations. P.M. 
worked out the el-pn effects and wrote the paper with input from A.K.. A.K. 
guided the work. 

Additional information 

The authors declare no competing financial interests. 



